INTRODUCTION {#S1}
============

Sleep patterns, particularly delayed sleep timing, impact metabolism and obesity risk.^[@R1]^ Late bedtimes and late rise times are associated with delayed eating times^[@R1]^ and increased caloric intake.^[@R2]^ Metabolic dysregulation and obesity are more prevalent in individuals with circadian misalignments, e.g., shift workers,^[@R3]^ breakfast skippers,^[@R4]^ and late night eaters.^[@R5]^ These detrimental effects of voluntarily delaying sleep and eating episodes are typically confounded with reduced sleep duration^[@R1]^ and have not been disentangled in human studies. Furthermore, the neural mechanisms underlying the well-documented behavioral and metabolic effects of circadian misalignment are understudied.

The neurobiological substrates of food reward valuation, a process pivotal to appetite control and caloric intake, have been recently mapped.^[@R6]^ Complementary evidence from primate neuronal recordings and human neuroimaging studies has highlighted key players in primary, secondary and association areas processing gustatory, olfactory, visual and somatosensory information (e.g., amygdala and insula).^[@R6]^ Viewing food vs. non-food images engages reward valuation, cognitive control, and interoception circuits.^[@R4],[@R7]^ Moreover, food-elicited activations are modulated by sleep restriction.^[@R8],[@R9]^ Beyond stimulus-driven brain responses, a handful of functional magnetic resonance imaging (fMRI) studies without an explicit task (known as resting-state)^[@R10]^ also support the notion that resting-state functional connectivity (RSFC) patterns are affected by sleep restriction^[@R11]^ and differ between obese and non-obese individuals.^[@R12],[@R13]^ Altered coordination of sleeping and eating likely affects food reward valuation and interoception. Yet the independent and collective contribution of sleep and meal times on RSFC is unknown.

This pilot in-patient randomized crossover study experimentally manipulates both sleep and meal times while preserving normal sleep duration (8h in bed for 5 nights) to assess the feasibility of determining whether this laboratory-induced misalignment of sleeping and eating behaviors affects RSFC across reward and interoception-related brain circuitry.

MATERIALS AND METHODS {#S2}
=====================

Participants {#S3}
------------

Six participants were enrolled: 5 completed all 4 study phases; another, 3 study phases. For one study completer the scanner was unavailable for one phase, resulting in 4 participants with complete 4-phase data (3 males; 25.3±4.6 years, BMI=29.2±2.7 kg/m^2^). Prescreening verified adequate sleep duration (7--9 h/night over a 2-week period) using wrist actigraphy, and excluded extreme chronotypes and individuals with sleep and psychiatric disorders. Participants were non-smokers, regular breakfast eaters (within 1h of awakening at least 5 times/week) and inactive (performing \<150 min/week of moderate or \<75 min/week of vigorous aerobic physical activity).

The Institutional Review Boards of Columbia University Medical Center and NYU School of Medicine granted ethical approval and all participants provided written informed consent.

Study design {#S4}
------------

The randomized (reduced Latin square), crossover design ([Figure 1](#F1){ref-type="fig"}) comprised 4 phases: normal sleep/normal meal (NsNm); late sleep/normal meal (LsNm); normal sleep/late meal (NsLm); late sleep/late meal (LsLm). Normal times in bed (Ns) were midnight to 8:00AM; late times in bed (Ls) were 3:30AM--11:30AM. These times reflected habitual sleep times of normal and late sleepers in a convenience sample.^[@R1]^ Sleep duration is reported in [supplementary information](#SD1){ref-type="supplementary-material"}. Normal mealtimes (Nm) were 1, 5, 11, and 12.5h after awakening (breakfast, lunch, dinner, and snack); late mealtimes (Lm) were 4.5, 8.5, 14.5 and 16h after awakening. Each phase entailed a 5-day in-patient stay at Columbia University Medical Center. Neuroimaging took place on day 4 with scan midpoint at 62±11min before scheduled dinner mealtime.

FMRI Data Acquisition {#S5}
---------------------

Neuroimaging data were acquired using a 3T Siemens Skyra scanner (32-channel head coil) at the NYU Center for Biomedical Imaging. High-resolution anatomical T1-weighted images were obtained (3D-MPRAGE: TR=1900ms, TE=2.52ms, TI=900ms, flip angle=9°, isotropic 1mm^3^ voxels). Two \~5-min resting-state eyes-open scans (echo planar images: 122 time-points, TR=2500ms, TE=30ms, flip angle=80°, voxel size=3×3×3mm) were collected consecutively. Resting-state scan instructions were identical for all 4 phases.

Data preprocessing and seed-based correlation analysis {#S6}
------------------------------------------------------

The Configurable Pipeline for the Analysis of Connectomes v0.3.9 (<http://fcp-indi.github.com>) was used for data preprocessing with steps detailed in [supplementary information](#SD1){ref-type="supplementary-material"}. Notably, to control for head motion effects and attenuate irrelevant signals, preprocessed data were regressed on 24 head motion parameters and on the mean time-courses of white matter and cerebrospinal fluid using subject-specific masks,^[@R14]^ while unbiased pairwise image registration^[@R15]^ served to increase robustness of registration. Nine region-of-interest seeds (4mm-radius spheres, coordinates provided in [Table S1](#SD2){ref-type="supplementary-material"}) were selected based on prior literature;^[@R12]^ left ventral striatum was also included.^[@R16]^ Each seed's RSFC was calculated as the correlation between its time-series and that of every other voxel in the brain and then contrasted between conditions in a 2×2 ANOVA. Non-parametric statistical inference was performed with threshold-free cluster enhancement^[@R17]^ implemented in FSL v5.0.8 (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise>^[@R18]^).

RESULTS {#S7}
=======

Statistically significant (p\<0.05, whole-brain corrected) regionally specific effects of meal and/or sleep timing were found across multiple seeds (see complete list of significant effects in [Table S1](#SD2){ref-type="supplementary-material"}). For the meal timing main effect, 7 of the 10 seeds showed Lm\>Nm RSFC, while only one seed yielded the reverse, Lm\<Nm effect (Fisher's exact p=0.009 for directionality of effect). The strongest Lm\>Nm effects on RSFC were found in left and right amygdala (surviving Bonferroni correction for number of seeds). Left amygdala RSFC with ten clusters, including right paracingulate gyrus, hippocampal/parahippocampal gyri, fusiform gyrus, right amygdala, left temporal pole, putamen and thalamus, was increased in Lm ([Figure 2A](#F2){ref-type="fig"}). Right amygdala seed RSFC in Lm broadly echoed its homologous seed connectivity patterns of increased RSFC with 8 clusters, including right hippocampal/parahippocampal gyri, cerebellum, temporal areas and lingual gyrus (see [Figure S1](#SD3){ref-type="supplementary-material"}). Across all seeds and respective clusters ([Figure S2](#SD4){ref-type="supplementary-material"}), the main effect of meal was driven by increased RSFC in Lm relative to Nm, in which RSFC was negligible.

Main effects of sleep (Ls\>Ns) were found for two seeds; for example, RSFC between left insula and right somatosensory, pre-/post-central gyrus was greater for Ls relative to Ns ([Figure 2B](#F2){ref-type="fig"}). Two seeds showed significant interactions between meal and sleep timing. As illustrated in [Figure S2](#SD4){ref-type="supplementary-material"}, RSFC between the right frontal pole and eight clusters (right occipital, fusiform regions, lingual gyrus, and extensive middle and superior temporal regions) reflected increased RSFC when meal and sleep times were misaligned (NsLm or LsNm), by contrast to when both meals and sleep were normal or late.

DISCUSSION {#S8}
==========

This pilot investigation specifically targeted the impact of sleep and meal misalignment on resting state functional connectivity, independent of sleep duration (total sleep time did not differ across phases). Despite only obtaining full datasets from four of the six enrolled participants, we observed significant effects, corrected for whole-brain multiple comparisons. The strongest effects (bilateral amygdala seeds) also survived Bonferroni correction for testing 10 separate seeds. The consistency of observed patterns across seeds and conditions suggests that the repeated measures within-subject design and high quality data ([supplementary information](#SD1){ref-type="supplementary-material"}) generated reliable signal in our small sample size. Specifically, head motion, which is known to produce RSFC artifacts, was low (mean frame-wise displacement=0.07mm)^[@R19]^ with no significant differences across conditions or sessions. Further, we leveraged non-parametric inference to empirically derive p-values, thereby avoiding the tendency of standard parametric statistics to inflate false positives.

Given the small sample size, our significant effects are admittedly preliminary. Nonetheless, comparing the current patterns of RSFC changes with related reports yields some general convergence. Primate amygdala contains neurons responsive to taste and interfaces with regions central to gustatory and olfactory processing.^[@R6]^ The substantial increase in RSFC between amygdala and hippocampal and parahippocampal regions under late relative to normal meals, a contrast that parallels breakfast skipping, is consistent with reduced activation in response to food images in these regions when participants consumed breakfast rather than having skipped breakfast.^[@R4]^ We observed RSFC modulation by sleep time shift of posterior insula which is more directly involved in interoceptive functions than primary gustatory cortex.^[@R6]^ The increase in insula connectivity under late relative to normal sleep timing dovetails with findings of increased insula activation when viewing food items following sleep restriction.^[@R9]^ The interaction between sleep and meal timing modulated RSFC between frontal pole and visual areas implicated in food cue processing.^[@R6],[@R7]^

The current study demonstrates the feasibility of obtaining RSFC as an index sensitive to neural effects of delaying meal and sleep timings, independent of sleep duration. These pilot findings that misalignment of sleep and food timing alters RSFC in regions relevant to food reward and interoception motivate examination in a larger sample. Studies employing similar crossover within-subject designs should inform mechanisms mediating the detrimental effects of circadian dysregulation on metabolism and obesity risk, an issue with increasing public health ramifications.

Circadian misalignment plagues not only shift workers (\~30% of US workforce) but also the growing number of individuals who voluntarily experience 'social jetlag,'^[@R20]^ i.e., shift in the midpoint of sleep between work and non-work days. Therefore, insight into mechanisms underlying the sequelae of mistimed sleep and meal occasions can rapidly translate to clinical recommendations. Specifically, we find that breakfast skipping, independent of sleep timing, evokes robust, consistent alterations in RSFC of left and right amygdala. Since meal timing is under greater individual control than sleep timing (e.g., for shift workers), our preliminary findings suggest that encouraging earlier meal timing, relative to the sleeping period, may ameliorate obesity risk.
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======================
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![Schematic of the 5-day inpatient randomized, crossover research design. Four participants completed all four experimental conditions (Normal Sleep/Normal Meal, Normal Sleep/Late Meal, Late Sleep/Normal Meal, Late Sleep/Late Meal) including neuroimaging. Black bars represent sleep opportunities (8 hours in bed; 0000 to 0800h for Normal Sleep, 0330--1130h for Late Sleep). Meal times are indicated with initial (B, breakfast; L, lunch; D, dinner; S, snack; gray font denotes weight-maintenance meals; bold font denotes ad libitum meals). Normal mealtimes occur 1, 5, 11 and 12.5 hours after awakening; late mealtimes occur 4.5, 8.5, 14.5, and 16 hours after awakening. The timing of the fMRI scan visit during which resting-state neuroimaging data were collected was approximately 1 hour before the 4^th^ dinnertime and is represented by a gray brain schematic inside a black box.](nihms800458f1){#F1}

![Seed-based RSFC for **A**. Left Amygdala seed. Regions showing significant (P\<0.005, controlling for FWE) RSFC increase in late \> normal meal overlaid on the MNI152 template. Bar graph plots the mean Fisher z-transformed correlation (overlaid white shapes are individual values) between the left Amygdala seed and the cluster peaking at \[30, −30, −18; MNI\] for each of the 4 conditions normal sleep/normal meal (NsNm), normal sleep/late meal (NsLm), late sleep/normal meal (LsNm), and late sleep/late meal (LsLm). **B**. Left Insula seed. Regions showing significant (P\<0.05, controlling for FWE) RSFC increase in late \> normal sleep overlaid on the MNI152 template. Bar graph plots the mean Fisher z-transformed correlation (overlaid white shapes are individual values) between the left Insula seed and the cluster peaking at \[4, −38, 64; MNI\] for each of the 4 conditions. A = anterior; FEW = family-wise error; L = left; MNI = Montreal Neurological Institute; P = posterior; RSFC = resting-state functional connectivity; R = right](nihms800458f2){#F2}
